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We give a review of recent results on the heavy fermion superconductor CeRhlns which presents 
ideal conditions to study the interplay of antiferromagnetism and superconductivity. The main 
results are the appearance of domains of microscopic coexistence of antiferromagnetism and super- 
conductivity under both, pressure and magnetic field scans. At zero magnetic field, under pressure 
coexistence appears from the onset of pressure induced superconductivity up to the critical pressure 
p* where antiferrmognetism disappears abruptly. Under magnetic field, re-entrance of magnetic 
order inside the superconducting state occurs in the pressure range from p* up to p c - The antiferro- 
magnetic quantum critical point is hidden by the onset of superconductivity. A striking point is the 
similarity of the phase diagram of CeRhlns and that of the high T c cuprate superconductors where 
for the cuprates the carrier concentration replaces the pressure. Both systems are characterized by: 
hidden magnetic quantum criticality, field reentrance of magnetism and the strong link to a Fermi 
surface instability. 



INTRODUCTION 

The discovery of new superconductors and the under- 
standing of the mechanism that is responsible for the for- 
mation of the superconducting state is central in modern 
solid state physics. Ideal model systems for this studies 
are so-called heavy fermion systems. These are / elec- 
tron systems in which the hybridization of the /electrons 
with the light conduction electrons give rise to the for- 
mation of heavy quasiparticles with an effective mass m* 
up to 100 times larger than that of an usual metal. The 
superconducting pairing in these compounds is generally 
expected not to be a phonon mechanism but unconven- 
tional, i.e. magnetic or valence fluctuations give rise to 
breaking of further symmetries. Up to now almost thirty 
different systems have been observed showing a super- 
conducting transition either at ambient or under high 
pressure. 

The intense research on unconventional superconduc- 
tivity (SC) in heavy-fermion systems started with the 
unexpected discovery of superconductivity in CeCu2Si2 
in 1979 [l[. Later on in the 80 th superconductivity 
has been found in the U based heavy-fermion com- 
pounds. The development of high pressure experiments 
and the progress in sample quality led to the observa- 
tion of pressure induced superconductivity in Ce based 
heavy fermion compounds close to their magnetic insta- 
bility. The first examples are CeCu2Ge2 0], CeRli2Si2 
3, Celn3 and CePd2Si2 [J. These compounds are anti- 
ferromagnetically ordered and superconductivity appears 
only under high pressure and at very low temperature 
(T c < 600 mK), which makes a detailed analysis of the 
competition of both phenomena experimentally very dif- 
ficult. 

A breakthrough was the discovery of pressure in- 
duced superconductivity in antiferromagnetically or- 
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FIG. 1. Crystal structure of CeRhlns. It contains planes of 
Celn3 which are separated by planes of Rhln2 . This gives rise 
to a quasi two-dimensional main Fermi surface with cylinders 
along the c direction. The incommensurate antiferromagnetic 
structure is indicated by the arrows. 



dered CeRhlns in Los Alamos in 2000 and later at am- 
bient pressure in CeCoIn 5 and Celrln 5 . ■ In this so- 
called Ce-115 family of compounds due to their high su- 
perconducting transition temperature of T c w 2 K it is 
possible to perform precise measurements of the magnetic 
as well as of the superconducting properties and to study 
their interaction. The crystal structure of these com- 
pounds is tetragonal and is built of planes of Celn3 and 
planes of A/In2 (M — Rh, Co, or Ir) stacked sequently 
along the c axis (see Fig. [1]). This stacking reinforces 
the in-plane two dimensional interactions between the 
cerium ions. The enhancement of the two dimensional 
electronic character is considered to be the origin of the 
increase the superconducting transition temperature in 
the Ce-115 family [1,0]. 
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Generally, the ground state of a Ce heavy-fermion sys- 
tem is determined by the competition of the indirect Ru- 
derman Kittel Kasuya Yosida (RKKY) interaction which 
provokes magnetic order of localized moments mediated 
by the light conduction electrons and the Kondo interac- 
tion. This last local mechanism causes a paramagnetic 
ground state due the screening of the local moment of 
the Ce ion by the conduction electrons. Both interac- 
tions depend critically on the hybridization of the 4/ 
electrons with the conduction electrons. High pressure is 
an ideal tool to tune the hybridization and the position 
of the 4/ level with respect to the Fermi level. Therefore 
high pressure experiments are ideal to study the criti- 
cal region where both interactions are of the same order 
and compete. To understand the quantum phase transi- 
tion from the antiferromagnetic (AF) state to the para- 
magnetic (PM) state is actually one of the fundamen- 
tal questions in solid state physics. Different theoretical 
approaches exist to model the magnetic quantum phase 
transition such as spin-fluctuation theory of an itinerant 
magnet |10l - fl2l. or a new so-called 'local' quantum criti- 
cal scenario |13. [l4 1 . Another efficient source to prevent 
long range antiferromagnetic order is given by the va- 
lence fluctuations between the trivalent and the tetrava- 
lent configuration of the cerium ions [l5[ . 

The interesting point is that in these strongly corre- 
lated electron systems the same electrons (or renormal- 
ized quasiparticles) are responsible for both, magnetism 
and superconductivity. The above mentioned Ce-115 
family is an ideal model system, as it allows to study 
both, the quantum critical behavior and the interplay of 
the magnetic order with a superconducting state. Espe- 
cially, as we will be shown below, unexpected observa- 
tions will be found, if a magnetic field is applied in the 
critical pressure region. 



PRESSURE-TEMPERATURE PHASE DIAGRAM 

In this article we concentrate on the compound 
CeRhlns. At ambient pressure the RKKY interaction 
is dominant in CeRhlns and magnetic order appears at 
Tjv = 3.8 K. However, the ordered magnetic moment of 
fi = 0.59/i_B at 1.9 K is reduced of about 30% in com- 
parison to that of Ce ion in a crystal field doublet with- 
out Kondo effect [TtJ ■ Compared to other heavy fermion 
compounds at p = the enhancement of the Sommerfeld 
coefficient of the specific heat (7 = 52 mJ mol _1 K~ 2 ) [l8j 
and the cylotron masses of electrons on the extremal or- 
bits of the Fermi surface is rather moderate [l!| [2(| ■ The 
topologies of the Fermi surfaces of CeRhlns are cylin- 
drical and almost identical to that of LaRhlns which is 
the non 4/ isostructural reference compound. From this 
it can be concluded that the 4/ electrons in CeRhlns 
are localized and do not contribute to the Fermi volume 

[Sill. 

By application of pressure, the system can be tuned 
through a quantum phase transition. The Neel temper- 
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FIG. 2. Pressure-temperature phase diagram of CeRhlns at 
zero magnetic field determined from specific heat measure- 
ments with antiferromagnetic (AF, blue) and superconduct- 
ing phases (SC, yellow). When T c < Tm a coexistence phase 
AF+SC exist. When T c > Tm the antiferromagnetic order is 
abruptly suppressed. The blue square indicate the transition 
from SC to AF+SC after Ref. M- 



ature shows a smooth maximum around 0.8 GPa and 
is monotonously suppressed for higher pressures. How- 
ever, CeRhlns is also a superconductor in a large pres- 
sure region from about 1.3 to 5 GPa. It has been shown 
that when the superconducting transition temperature 
T c > Tjv the antiferromagnetic order is rapidly sup- 
pressed (see figure [2]) and vanishes at a lower pressure 
than that expected from a linear extrapolation to T = 0. 
Thus the pressure where T c = Tn defines a first critical 
pressure p* and clearly just above p* anitferromagnetism 
collapses. The intuitive picture is that the opening of a 
superconducting gap on large parts of the Fermi surface 
above p* impedes the formation of long range magnetic 
order. A coexisting phase AF+SC in zero magnetic field 
seems only be formed if on cooling first the magnetic or- 
der is established. We will discuss below the microscopic 
evidence of an homogeneous AF+SC phase. 

At ambient pressure CeRhlns orders in an incommen- 
surate magnetic structure with an ordering vector 
of qi c =(0.5, 0.5, 6) and S — 0.297 that is a magnetic 
structure with a different periodicity than the one of the 
lattice. Generally, an incommensurate magnetic struc- 
ture is not favorable for superconductivity with d wave 
symmetry, which is realized in CeRhIn 5 above p* [22l |. 
Neutron scattering experiments under high pressure do 
not give conclusive evidence of the structure under pres- 
sures up to 1.7 GPa which is the highest pressure studied 
up to now [231425T ] . The result is that at 1.7 GPa the in- 
commensurability has changed to 8 ks 0.4. The main dif- 
ficulty in these experiments with large sample volume is 
to ensure the pressure homogeneity. Near p* the control 
of a perfect hydrostaticity is a key issue as the material 
reacts quite opposite on uniaxial strain applied along the 
c and a axis. 

From recent nuclear quadrupol resonance (NQR) data 
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FIG. 3. Pressure dependence of a) the resistivity at T = 
2.25 K just above the superconducting transition, b) the A 
coefficient of the resistivity measured at a field H — 15T 
far above the upper critical field H C 2- Both quantities are 
strongly enhanced around the critical pressure p c . (Lines are 
guides for the eye.) 



it is followed that the magnetic order gets commensurate 
(S = 0.5) above 1.7 GPa when bulk superconductivity 
appears under pressure [26j . Below p* it is observed that 
the phase transition on cooling from AF to AF+SC looks 
quite inhomogeneous but far below T c , NQR shows that 
the spin-lattice relaxation 1/T\ is homogeneous indepen- 
dent on the local site what is also a nice hint of the co- 
existence of both states below p* [lfl [26|, |27|. This is 
consistent with the findings in systems where the anti- 
ferromagnetic order in CeRhlns is suppressed by doping. 
In these cases SC seems at least to coexist with magnetic 
order if the vector is commensurate [H, [2!| . 

Above p* the ground state is a superconductor and 
magnetism is rapidly suppressed. Assuming a homoge- 
neous AF+SC state the point in the (p, T) phase diagram 
with T/v = T c is a tetra-critical point where four lines of 
second order phase transitions should meet and indeed, in 
the recent NQR experiment a magnetic transition inside 
the superconducting phase (TV < T r ) has been observed 
just 0.1 GPa above p*(see Fig. [2]) [lg. The actual pro- 
posal is that the onset of SC below p* is associated with 
an incommensurate - commensurate magnetic transition 
which may alter drastically the usual superconducting 
anomalies at T c . It is interesting to note that NQR mea- 
surements also show that at p = far below the onset of 
the AF+SC state a tiny residual commensurate AF phase 
survives inside a dominant incommensurate ordered part 
leading to a possible parasitic SC signal even at ambient 
pressure [30l l3l|. 

Where would be the magnetic quantum critical point 
of the system in absence of superconductivity? A lin- 
ear extrapolation of Tjv to K gives a critical pressure 
p c = 2.5 GPa for the disappearance of magnetism which 
corresponds to the maximum of T c . An indication of 
this critical pressure is a strong maximum in the resis- 
tivity at T c = 2.25 K just above the onset of the su- 



perconducting transition due to the enhancement of the 
scattering caused by critical fluctuations [32] as shown 
in Fig. [3]a,). The resistivity in this pressure range shows 
clearly a non- Fermi liquid behavior with a sub-linear tem- 
perature dependence [33l [3J] . However the deeper mean- 
ing of this unconventional temperature dependence is not 
completely understood. In the a spin-fluctuation scenario 
one would expect that the resistivity at the critical pres- 
sure would show a T 3 / 2 temperature dependence for a 
three dimensional antiferromagnetic system; maybe the 
dimensionality is reduced and but then a linear tempera- 
ture dependence would be expected [35[ . However, there 
a further theoretical proposals for a linear T dependence 
of the resistivity such as critical valence fluctuations [36[ 
or a selective Mott transition [37|]- At least in our view 
the experimentally observed sub-linear T-dependence is 
much more an effect of an cross-over to the low tempera- 
ture regime in difference to Ref . l33l . Obviously T c appears 
at a higher temperature than the temperature Ta where 
a AT 2 Fermi liquid law of the resistivity will be obeyed. 

Other indicators of the critical pressure are the strong 
maximum of the A coefficient of the electronic resis- 
tivity p = po + AT 2 measured at high magnetic fields 
of 15 T where superconductivity is suppressed. In dif- 
ference to the prototypical heavy-fermion superconduc- 
tor CeCu2Si2 where the magnetic quantum critical point 
(p = 0) and a sharp valence transition (at p = 4 GPa) 
are clearly separated in pressure and two different su- 
perconducting domes exist [36l . |39| , in most other heavy 
fermion superconductors such a clear separation of both 
criticalities is not possible. Thus, as function of pres- 
sure both criticalities seem to fall together, e.g. in Celn3 
[icf . CePd2Si2 [ll[, and also here in CeRhIn 5 only one 
maximum in the pressure dependence of the A coefficient 
occurs. The disappearance of magnetism at p c appears 
to be driven by the valence fluctuations. 



MAGNETIC FIELD EFFECTS 

The application of a magnetic field will lead to test the 
interplay between antiferromagnetism and superconduc- 
tivity as Tn(H) and T C (H) will respond differently to a 
field and thus the condition T c = Tjv for the suppression 
of the long range order due to the onset of bulk super- 
conductivity below p c will be modified. Furthermore, a 
new situation appears under magnetic field in a the su- 
perconducting state due to the creation of a mixed state 
with superconductivity and a vortex structure. 

The magnetic properties at ambient pressure have been 
studied up to high fields of 60 T by magnetization mea- 
surements 42]. For a magnetic field H \\ c the magne- 
tization increases monotonously and no anomaly can be 
detected. Thus the field to reach a polarized paramag- 
netic state at H m is above the experimental limits. In 
difference the magnetization measurements for H _L c 
two transitions have been observed at low temperatures 
at H ic « 2 T and H m w 50 T 42]. The low temper- 
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FIG. 4. Magnetic field phase diagram of CeRhlns at different pressures for a magnetic field applied in the ab plane (blue 
symbols for magnetic transitions, red symbols for superconductivity), a-b) The magnetic phase diagram is almost unchanged 
compared to p = up to p*. However, H C 2(T) detected by specific heat (red stars, taken from Ref,38) is much lower that 
detected by resistivity. This indicates the inhomogeneous superconducting state observed below p*. Remarkably magnetic 
order is induced inside the superconducting dome in the pressures p* < p < p c , as shown for p — 2.4 GPa in c). d) For p > p c 
no magnetic order appears. 



ature magnetic phase diagram has been established by 
specific heat measurements showing three different mag- 
netic phases [43| and their magnetic structures have been 
determined by neutron scattering (l7j . Figure [4] shows 
the H — T phase diagrams for different pressures. At zero 
pressure the incommensurate structure (AF I) changes to 
commensurate (AF III) for a field of if JC ea 2.25 T with 
an ordering vector q= (0.5, 0.5, 0.25) and the magnetic 
structure has changed to a collinear one. The ordering 
in phase AF II is also incommensurate, but a collinear 
sine- wave structure is formed. 

As discussed previously the magnetic structure (at 
least in the condictions of the neutron scattering ex- 
periments) is incommensurate under pressures up to 
p = 1.7 GPa even if the z component of the magnetic 
propagation vector has changed to 8 rj 0.4. Up to now 
no neutron scattering experiment exist for higher pres- 
sures and high magnetic fields thus the magnetic struc- 
tures of different magnetic phases in Fig.0]b) are not de- 
termined up to. The superconducting boundaris shown 
in Fig. U b) have been plotted from resistivity measure- 
ments what may not present the bulk superconducting 
phase and from ac calorimetry taken from Ref.38. (The 
pressure has been normalized to our measurements.) The 
temperature difference of the superconducting transitions 
derived from resistivity and specific heat in this pressure 
range is quite large [4J| . The ac calorimetric studies per- 
formed in Los Alamos show that the upper critical field 
is significantly lower, e.g. at p = 1.71 GPa H C 2(0) ~ 6 T 
(3c| . Furthermore it should be noted that the upper crit- 
ical field shows a very peculiar temperature dependence 
in the AF+SC state below p* which requires future in- 



vestigations [H,|4^|. The upper critical field at T = 0, 
H C 2 (0) coincides with the field Hi C indicating the change 
of the magnetic structure to a collinear one with 5 = 0.25, 
which increases with increasing pressure. 

Definitely, the most spectacular situation occurs in the 
pressure range p* < p < p c (see Fig. H]c). As discussed 
above, at zero field the opening of a superconducting gap 
on large parts of the Fermi surface, impedes the devel- 
opment of long range magnetic order inside the super- 
conducting state. However, by applying a magnetic field 
parallel to ab plane, when the superconducting state is 
weakend, antiferromagnetic order can reenter inside the 
superconducting state [3 E(| . Thus the opening of the 
superconducting gap does not avoid the formation of long 
range magnetic order if an external field is applied. In 
CeRhlns the antiferromagnetic order is preserved above 
the upper critical field line H C 2(T) and it seems that 
no anomaly in H C 2 (T) appears at the intersection of the 
H c2 (T)-H m (T) lines (see FigSJc). In this region of the 
phase diagram, magnetism and superconductivity seem 
to live peacefully. 

For p < p c the critical field of magnetism is always very 
large and the magnetic transition could be observed up 
to fields of H = 16 T without any indication of a meta- 
magnetic transition. Contrary, for pressure p > p c no 
indication of re-entrant antiferromagnetism is observed 
(see Fig. [4] d) ). The collapse of antiferromagnetism in- 
duced under magnetic field coincided with the critical 
pressure p c . 

In CeRhlns the p c corresponds also to an abrupt 
change of the de Haas van Alphen (dHvA) signal ob- 
served at high magnetic fields H > 8 T [47|. From 
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such measurements the topology of the Fermi surface 
and the effective mass of the charge carriers on the ex- 
tremal orbits of the Fermi surface can be determined. 
Figure [5] shows schematically the (H, T) phase diagram 
of CeRhIii5 at T = 0. It has been shown that at ambient 
pressure the topology of the Fermi surface is almost iden- 
tical to that of LaRhlns which has no / electron in the 
4/ shell, thus the / electron in CeRhlns looks localized 
and the large molecular field leads to recover the Fermi 
surface of LaRhIn 5 . The dHvA signal changes abruptly 
as function of pressure at p c . Above p c the frequencies 
of the orbits are shifted to higher fields indicating an 
increase of the Fermi volume which is at high pressure 
comparable to that of CeCoIns . Here the / electron seem 
to be itinerant and takes part on the charge transport. 
The two-dimansional cylindrical character of the Fermi 
surface is maintained. Furthermore is has been shown 
that the cyclotron masses of the main dHvA branches in- 
creases steeply close to p c [47[ • The driving force of this 
abrupt change of the Fermi surface is still under debate 
and a key ingredient maybe a possible pseudo-critical va- 
lence transition [48j , or some local quantum criticality at 
/;,. PES El- 

When superconductivity collapses above H c2 it is clear 
that the Fermi surface change occurs at p c (see Fig. EJ. 
One can also speculate that at H = an itinerant Fermi 
surface persists down to p* and under application of field 
the this change of the Fermi surface follows a line of first 
order transitions up to p c and that pure bulk supercon- 
ductivity occurs only on the paramagnetic 4/ itinerant 
Fermi surface. An yet unresolved question is the topology 
of the Fermi surface in the field induced AF+SC coexis- 
tence regime below p*. In this pressure and field regime 
no measurements exist. The hope in the future is to de- 
termine directly the Fermi surface in the AF+SC phase 
thanks to de Haas van Alphen oscillations just below H C 2 . 

What is the origin of the field induced AF+SC state? 
The first reason is that magnetic field weakens more 
strongly SC than AF up to p c and thus there will be a 
magnetic field H* where in the pressure window (p*,p c ) 
T C (H*) equals again Tn(H*). Furthermore, the coex- 
istence will occur at lower field since vortex cores are 
created. The idea is that antiferromagnetism may nu- 
cleate inside the vortex cores where superconductivity is 
expelled. Such a scenario has been discussed in more 
detail in the framework of the so-called SO (5) theory de- 
veloped to explain the phase diagram of high T c super- 
conductors (for a review see Ref. ISOj ) . In this theory the 
the antiferromagnetic order parameter and the supercon- 
ducting order parameter are unified in a five dimensional 
vector called superspin which has magnetic and super- 
conducting components. One fundamental prediction of 
this model is that a superconducting vortex can have an 
antiferromagnetic vortex core [5l| and furthermore gen- 
erate homogeneous AF over the whole sample. Thanks 
to dynamical spin-density fluctuations extending even far 
from the vortex core a microscopic coexistence is created, 
in difference to a more static model where the magnetism 
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FIG. 5. (H, T) phase diagram of CeRhIn5 at T = indicating 
the Fermi surface topology in the different states of the phase 
diagram. The boundary between the localized Fermi surface 
(localized description of the 4/ electron) and of the itinerant 
paramagnetic phase (itinerant description of the 4/ electron) 
is indicated by thick black line. One yet unsolved question 
is the Fermi surface topology in the AF+SC state with the 
strong interplay between antiferromagnetism and supercon- 
ductivity. One can speculate that at H = an itinerant 
Fermi surface persists down to p* as indicated. 



is limited just to the vortex core [52|, |53|. It has been 
shown that under magnetic field the induced antiferro- 
magnetic moment should increase with the applied field 
or the number of vortices. 



SUPERCONDUCTING PROPERTIES 

In the following we want to discuss superconducting 
properties of CeRhlns. As mentioned above, the remark- 
able feature is the abrupt suppression of the antiferro- 
magnetic order when superconductivity sets in above T/v 
at the pressure p*. Furthermore, it has to be noticed 
that T c (p) has a smooth pressure dependence through 
p c . What is the difference between the different super- 
conducting phases? 

Figure [5] a) shows the pressure dependence of the spe- 
cific heat anomaly AC fC at the superconducting tran- 
sition at zero magnetic field. Two points are remark- 
able: firstly, the superconducting anomaly in the AF+SC 
state below p* the specific heat anomaly at the super- 
conducting transition is very small and increases step- 
like at p*. Secondly, at the critical pressure p c AC/C 
shows a pronounced maximum and decreases to higher 
pressures. For a conventional BCS-like superconductor 
in the weak coupling limit, the jump at the supercon- 
ducting transition has an universal value, independent of 
T c . (From our ac calorimetry data it is not possible to 
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get absolute values of the height of the jump, as it is not 
possible to estimate the addenda contribution to the spe- 
cific heat coming from the pressure cell and the pressure 
medium.) The fact that the specific heat anomaly be- 
low p* is very small but also not at all of BCS molecular 
field like has been first been interpreted as indication that 
superconductivity may not be bulk, but only a small vol- 
ume fraction shows bulk superconductivity [l8l |. As we 
have stressed above the specific heat anomaly is even not 
BCS like. The euphorique interpretation given previously 
is that it coincides with a concomittant superconducting 
and incommensurate - commensurate antifcrromagnetic 
transition. 

There is no conclusive determination of the supercon- 
ducting order parameter of the coexistence regime. In the 
NQR experiments a residual density of states is observed, 
which led to speculations of gap-less superconductivity 
[27L |54| . Some indications of d wave symmetry of the su- 
perconducting order-parameter had been obtained by an 
angular dependent specific heat experiment which show 
a fourfold modulation of the specific heat as function of 
angle 55], but it is not obvious whether the very low 
tem per ature limit has been achieved in that experiment 
[Hrj |57|. In the framework of SO (5) theory the mag- 
netic and superconducting order parameter are strongly 
coupled that for the superconducting order parameter 
(the superconducting gap A$c) an d the magnetic order 
parameter (the staggered magnetization (S q )) the con- 
straint |Asc"| 2 + |5'g| 2 = 1 has to be fulfilled and indeed, 
the behavior of the respective critical temperatures un- 
der pressure implies such a coupling. The specific heat 
anomaly at T c increases under pressure in the same way 
as the internal magnetic field Hi nt at the In site observed 
in NQR decreases. The decrease of the magnetic moment 
has been observed directly in neutron scattering experi- 
ments [24| . In Ref . |H the entropy at the magnetic tran- 
sition TV and superconducting transition T c is analyzed 
as function of pressure and it has been shown that in 
the same way as the entropy at Tjy decreases the entropy 
at T c increases with pressure what shows the immediate 
coupling of both orders. 

Above p* it is well accepted in the literature that 
CeRhlns is a <i-wave superconductor as the non magnetic 
compounds CeCoIns and Celrlns. This is mainly con- 
cluded from the temperature dependence of the nuclear 
spin relaxation rate 1/T\ which shows the famous T 3 de- 
pendence and the absence of the Hebel-Slichter peak. In 
this pressure region the jump of the specific heat is very 
large and of the same order than in CeCoIns at zero pres- 
sure |38j |. This large value of the specific heat jump close 
to the critical pressure indicates the strong coupling su- 
perconductivity directly linked to the strength of T c /Ta- 

Further insides on the superconducting properties can 
be obtained from the temperature dependence of the 
upper critical field. Generally, it is analyzed follow- 
ing the Werthammcr-Hclfiand-Hohenberg model which 
takes into account the the orbital and the paramag- 
netic pair breaking effect (59|. The orbital limiting field 
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FIG. 6. a) Specific heat jump AC/C at the superconducting 
transition as function of pressure. (Different symbols corre- 
sponds to different experiments. (It should be noted that in 
the ac calorimetry it is not possible to get absolute values 
of the specific heat as it is not possible to determine from 
these measurements alone the correct for the background of 
the specific heat coming from the pressure cell and the pres- 
sure medium.) b) Pressure dependence of the initial slope 
of the upper critical field at the superconducting transition. 
Full circles are from the resistivity experiments [34| , open di- 
amonds are from ac calorimetry I44I1 . open circles are taken 
from Ref. |38| . the pressure of Ref. l38l has been normalized to 
our experiments. 



H or b{T) = <I>o/27r£ 2 is given by the fields at which vortex 
cores starts to overlap ($0 is the flux quantum and £ the 
superconducting coherence length) and thus the super- 
conducting state is suppressed. The paramagnetic limit- 
ing field originates in the Zeeman splitting of the single 
electron energy levels. Superconductivity collapses if the 
applied field is stronger than the binding energy of the 
cooper pairs. 

At low temperatures the upper critical field in CeRhIn.5 
is completely dominated by the paramagnetic limita- 
tion. But close to T c , the orbital limitation is always 
the dominant mechanism (the paramagnetic limitation 
has infinite slope at T c ), so that the initial slope of 
H C 2 at T c is a good measure of the average Fermi ve- 
locity in directions perpendicular to the applied field 
H' c2 = (dH c2 )/dT) T= T c ~ T c /v 2 F . Thus from the initial 
slope it should be possible to estimate the effective mass 
of the charge carriers. The pressure dependence of the 
initial slope is shown in Fig. [S]b). Obviously, two very 
pronounced phenomena can be observed. In the AF+SC 
state the initial slope as detected in the ac calorimetry 
[38| increases gradually with pressure up to p* , but at p* 
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a step increase of the initial slope appears. Thus in low 
magnetic fields an abrupt change in the electronic prop- 
erties must occur at p* at the border to the pure super- 
conducting state. Looking at the properties of the Fermi 
surface this abrupt increase can be interpreted in that 
way that the average Fermi velocity decreases strongly 
or in terms of the effective mass of the charge carriers 
a jump of the average effective mass which is connected 
to the change of the Fermi surface from 4f localized to 4f 
itinerant for H — at p*. But it should be noted that the 
heavy electrons feel the hidden quantum critical point at 
p c « 2.5 GPa too. Here, the initial slope has a rather pro- 
nounced maximum which is even more accentuated than 
the maximum in T c (p). The maximum of the initial slope 
corresponds to a maximal in the effective mass. This re- 
flects itself again in the superconducting properties. To 
analyze completely the upper critical field curve, at least 
above p*, it is necessary to take into account strong cou- 
pling effects (in standard BCS theory the electron phonon 
coupling, here the coupling between electrons and the 
fluctuations responsible for the pairing). For CeRhIn 5 
we found a strong coupling parameter of A = 2.2 close to 
the critical pressure, thus the mass enhancement due to 
the superconducting coupling is m* c /rrn, = A + 1 ~ 3.2. 
(In m* c only those fluctuations are included which con- 
tributes to the superconducting pairing, nib is the band 
mass of the itinerant heavy quasiparticles.) Compared to 
the pressure variation of the effective mass as determined 
from the transport measurements at high pressure this is 
a rather smooth variation (e.g. the A coefficient of the 
resistivity at high fields when superconductivity is sup- 
pressed varies by two orders of magnitude) . De facto the 
strong coupling constant changes under pressure but its 
changing is not directly linked to the pressure variation 
of m* as mb itself can change drastically under pressure. 

CONCLUSIONS AND GENERALITIES 

CeRhIn5 is an exciting heavy-fermion system which al- 
lows to study in detail the interplay of long range antifer- 
romagnetic order and superconductivity. Due to the fact 
that in this system the transition temperatures of antifer- 
romagnetism and superconductivity are of the same order 
of magnitude a precise determination of the high pressure 
phase diagram could be realized. The combined p, if, T 
phase diagram is plotted in Fig. [7J Under pressure and 
magnetic field three different regions appear, purely an- 
tiferromagnetic AF, a coexistence regime AF+SC, and 
a purely superconducting phase SC above p*. Thus as 
function of pressure at zero field the series of phases is 
AF - AF+SC - SC. In the pressure region between p* 
and p c under application of magnetic field magnetic or- 
der is induced and one can observe the cascades of phases 
SC - AF+SC - AF with increasing field. There seems 
to be a difference between the pressure induced AF+SC 
and field induced AF+SC states. When the AF state is 
established first under pressure at H = 0, the measured 



specific heat jump and the initial slope of the upper criti- 
cal field are still small and the superconducting transition 
at T c may coincide with a magnetic transition from an in- 
commansurate to a commansurate structure. In contrast, 
when above p* first superconductivity appears on cool- 
ing, the field induced AF state seems to have no influence 
on the SC properties such as H C 2(T). Up to now no mi- 
croscopic measurements exist in the pressure range from 
p* to p c under magnetic field, obviously the field induced 
magnetic state is directly connected to the appearance of 
vortices in the mixed state of the superconductor. 

Here we did not discuss the relation of the field induced 
AF+SC phase with the low temperature - high magnetic 
field state in CeCoIns [fij, |(32j • This phase was first dis- 
cussed being a Fulde-Ferrel-Larkin-Ovchinnikov (FFLO) 
state which is a novel superconducting state appearing 
under high magnetic fields in strongly Pauli limited su- 
perconductors characterized by the formation of Cooper 
pairs with non-zero total momentum [63l |64|. However, 
recently it could be shown by neutron scattering [65[ , and 
also by NMR H3| , that inside this state long range 
magnetic ordering coexist with superconductivity. In dif- 
ference to the field induced AF+SC state in CeRhlns the 
novel phase in CeCoIns appears only inside the super- 
conducting state what indicates the strong coupling of 
both order parameters in that compound. Future mea- 
surements in CeRhlns at very low temperatures just in 
the vicinity of the critical pressure p c have to address 
the possible appearance of such a novel superconducting 
state as well. 

Finally we want to compare CeRhIn5 to the case of 
high T c superconductors. The striking point is the sim- 
ilarity between the phase diagram of CeRhlns and the 
recent proposal to clarify the situation in high T c cuprate 
superconductors [6Cj • Both phase diagrams are shown in 
Fig. [3 for CeRhIn 5 as function of temperature T, pres- 
sure p and magnetic field H applied in the basal plane, 
for the cuprates the variables are T, carrier concentra- 
tion x and magnetic field applied perpendicular to the 
Cu02 layers. In zero magnetic field the onset of super- 
conductivity hides the magnetic quantum critical point 
at p c and x m for the cuprate. But this underlying critical 
point determines the normal state properties leading to 
a " strange" metal domain. In CeRhlns it will be equiva- 
lent to the non Fermi liquid regime in the broad pressure 
window around p Cl for the cuprates it manifests itself in 
the linear temperatur dependence of the resistivity near 
optimal doping. The maximum of T c appears at the crit- 
ical pressure p c for CeRhlns or for the concentration x m 
in case of the cuprates when the ordering temperature 
collapses to zero. (The temperarture of the pseudo-gap 
T* corresponds to antiferromagnetic transition temper- 
ature Tn in CeRhIn 5 .) In absence of superconductivity 
for x > x m the ground state of the cuprates would be a 
paramagnetic Fermi liquid and for x < x m the ground 
state will be a spin density wave (SDW). As in CeRhlns 
the onset of superconductivity with the appearance of 
a large superconducting gap impedes the formation of a 
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FIG. 7. (Left panel) Combined temperature, pressure and field H _L c phase diagram of CeRhlns with antiferromagnetic 
(blue), superconducting (yellow), and coexistence AF+SC (green) phases. The thick black line in the H —p plane indicates the 
proposed line where the Fermi surface changes from 4/ "localized" (small Fermi surface and topology comparable to LaRhlns), 
to 4/ "itinerant" (large Fermi surface as in CeCoIns). (Right panel) Proposed phase diagram of the high T c cuprates showing 
the interplay between superconductivity (SC), spin density order (SDW), and Fermi surface configuration as function of carrier 
density (a;), temperature (T), and magnetic field (H) perpendicular to the CuQ2 layers (taken from S. Sachdev, Ref. l6(il ). 



SDW state just below x m and the SDW quantum critical 
point is shifted from x m to x s [68| . For CeRhlns the shift 
of the antiferromagnetic quantum critical point is from 
p c to p* in zero magnetic field. 

At magnetic fields higher than the superconducting up- 
per critical field H C 2 a Fermi surface instability is ob- 
served in both systems. As discussed above, in CeRhlns 
the change at p c is from a small Fermi surface where 
the 4/ electrons look localized to a large Fermi surface 
where the 4/ electrons look itinerant [47| . For high T c 
cuprates the change of the Fermi surface at high fields is 
through x m with a large Fermi surface in the overdoped 
regime x > x m and small Fermi surface pockets in the 
underdoped regime x < x m [69|-|74| . (At very low carrier 
concentration the ground state of the high T c supercon- 
ductors is a antiferromagnetic Mott insulator.) 

Under magnetic field, the weakness of T c as well as the 
creation of vortices favors the re-entrance of magnetic 
order in the superconducting state. For different high T c 
materials this has been experimentally shown by neutron 
scattering experiments (75l - [78j . NMR experiments [T9i — 
HI, or /uSR (Mil. The boundar y between SC+SDW 
and SC phase moves from x s to x m (M-point) when H 
reaches H C 2(x m ). For carrier concentrations x s < x < 
x m a magnetic field scans will lead to the cascade of 
phases SC, SC+SDW, SDW. Thus the line between the 
points (x s , H = 0), (x m , Hm) in the x, H plane at T = 
between SDW+SC and the pure superconducting phases 
delimits two different regimes linked in the SDW+SC 
phase to small Fermi surface pockets (left of the line) 
and in the sole SC phase at the right with a large Fermi 
surface. For CeRhlns an analogue scenario seems valid 



in the pressure range from p* to p c . 

Despite difference in the basic interactions, CeRhlns 
and the cuprate superconductors appear quite similar 
with the common points of hidden quantum criticality 
by superconductivity and the resurrection of magnetism 
under magnetic field. 

The discovery of the Ce-II5 family with CeRhlns 
showing a strong interplay of magnetism and supercon- 
ductivity characterized by similar values of the maxima 
of their critical temperatures Tff ax w jwcra nag gj ven 
an unique opportunity to precise the pressure and mag- 
netic field domain of coexistence of antiferromagnetism 
and superconductivity. As underlined, CeRhlns gives 
now a sound basis for the understanding of unconven- 
tional superconductivity and its link to quantum criti- 
cality. By the comparison with the high T c superconduc- 
tors we hope to have convinced the reader that impact 
of studies on competing phenomena has to be strong in 
the wide and rich domain of strongly correlated fermionic 
systems which goes from 3 He liquid to heavy fermions, 
organic conductors and high T c cuprates. 
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